2 nationally through an elasticity coefficient method. The results confirm that an increase in output and energy intensity is a dominant contributor to the growth of CO2 emissions whereas an increase of the share of tertiary industry and R&D intensity has significant effects on reducing CO2 emissions. The elasticity of energy intensity and renewable energy consumption on CO2 emissions in the eastern region of China is the highest, indicating that using renewable energy to reduce CO2 emissions for the industrial parks is more effective in the eastern region as compared to the central and western regions of the country. The elasticity of population is significantly negative in both the central and western areas while it is positive in eastern part of China, thereby illustrating that promoting labour intensive industries will be an effective way to reduce CO2 emissions for the industrial parks in China's central and western regions. Our study reveals that differentiated low carbon development pathways should be adopted.
Introduction
China, the largest CO2 emitter in the world, has made an impressive effort in recent years to move towards a low-carbon future. China has committed to reduce its carbon intensity by 60 to 65 percent from 2005 levels by 2030, increasing non-fossil-fuel energy to 20 percent of its energy mix by 2030 and peaking its carbon emissions by 2030. [1] While industry is one of the key driving forces of economic growth in China, it is also responsible for approximately more than 60 percent of the nation's total energy consumption and CO2 emissions. China's industrial emissions far outweigh any other sources of greenhouse gases (GHG) in the country. Therefore, managing energy consumption and CO2 emissions in industrial sectors is essential to achieve the transformation to a low-carbon economy. Progress in this area will contribute measurably to global efforts to mitigate climate change and ensure sustainable development.
Industrial parks have been one of the most effective approaches which China has taken in its recent and significant industrial development. According to the Directory of China's Development Zone 2006 published by the National Development and Reform Council (NDRC), China had 222 state-level industrial parks and 1364 provincial-level industrial parks in 2006 [2] . Up to 2017, there are more than 600 state-level industrial parks [3] , including 219 National Economics and Development Zones [4] and 156 Hi-tech Industrial Development Parks. [5] Development of industrial parks has been one of the key driving forces of economic growth for local areas. Most industrial parks cluster industries such as automotive, mining, petroleum, coal, and steel. These all require very large capital investments and rely heavily on intensive resources, energy and labour inputs. Industrial parks face the challenge of increased environmental pollution, in particular increased CO2 emissions. Therefore, it is essential to improve the overall eco-efficiency of industrial parks and manage their GHG emissions in a systematic and rigorous manner.
To accelerate China's transformation to a low-carbon economy and increase its industrial resources. The primary objective that significantly differentiates the LCIPPP from these other related programmes is that LCIPPP has been dedicated to reducing the intensity and overall CO2 emissions in industrial parks through upgrading the industrial structure, promoting technology innovation and enhancing carbon management ability. The pilot parks use carbon accounting as a tool to quantify and measure carbon emissions, to set targets for carbon emissions, to make decisions and to design road maps for mitigation strategies which include the elimination of outdated high-energy-consuming industries, the transformation of existing industries to low-carbon production and the development of more low-carbon industries. To date no studies have summarized the latest progress of China's LCIPPP and measured the effectiveness of the programme. Our study reviews the LCIPPP in China, and comprehensively examines CO2 emissions at the industrial park level based on data from 20 pilot industrial parks. This paper also analyses the corresponding mitigation strategies that these industrial parks might adopt taking into consideration their geographical distribution. More specifically, compared with the existing research which primarily focuses on the low carbonization of one particular industrial park, this study includes many more industrial parks where different leading industrial sectors are clustered. The findings seek to contribute to the policy making process to achieve low carbonization for industrial parks. China's progress and experience in implementing the LCIPPP will not only help industrial parks in China, but also encourage other countries to strive towards achieving low carbon levels.
Literature review
Industrial parks are essential to increasing agglomeration economies for industrial cluster development which promotes efficient resource utilization and reduces infrastructural costs. [6] Abundant studies are focused on GHG emission mitigation through industrial symbiosis activities in Eco-Industrial Park (EIP) development. For instance, Hashimoto et al. [7] presents Kawasaki Eco-town as a case study to demonstrate potential performances of CO2 emission reduction though industrial symbiosis. Harris' [8] research also shows that firms operating as a community within an EIP and engaging in industrial symbiosis collaborations could realize greater benefits collectively. These include GHG emission reductions through by-product exchanges and thermal recovery, which is better than if each business optimized its performance in isolation. Geng et al. [9] finds that the Shenyang Economic and Technological Development Zone applied an industrial symbiosis strategy to reduce total energy consumption and energyrelated emissions. Liu et al. [10] cites the Tianjin Economic Development Area (TEDA) in China and claims that it reduced its CO2 emissions by 42 thousand tons (as of 2012) through industrial symbiosis activities. Liu et al. also demonstrate how to implement comprehensive development of industrial symbiosis for the purpose of GHG emission mitigation in China from a theoretical perspective. Pan et al. [11] build a four-level modeling framework for EIP research which emphasizes the aspects to be considered in future industrial ecology including carbon emission, reuse of by-products, water consumption and energy consumption. Although many eco-industrial parks were not initially built for carbon reduction purposes, industrial symbiosis could help reduce carbon emissions. Similar opinions are also adopted by other researchers, such as Liu et al. [12] , Zhang et al., [13] , Dong et al. [14] and Kastner et al. [15] Considering the existing research, low-carbonization of industrial parks continues to be examined through various perspectives. Some scholars focus exclusively on how low carbon technologies help to reduce CO2 emission. Hassiba et al. [16] make use of the recently proposed CO2 integration approach to explore carbon management options across an entire industrial park. In order to explore the lowest cost footprint reduction options for a given industrial park, Midthun et al. [17] first present an approach to the systematic design of low cost carbon integration networks for industrial parks through an integrated analysis of sources, utilization and storage options, as well as capture, separation, compression and transmission options.
Hassiba and Linke [18] propose an optimization-based approach to explore synergies across heat integration and carbon capture, utilization and storage (CCUS), and renewable energy in industrial parks. Another popular approach is to discuss the carbon accounting and carbon footprint of industrial parks. Fang et al. [19] establish an embodied carbon accounting framework based on energy to identify the input-output structure and embodied carbon emission flows of the industrial park. Dong et al. [20] introduce a tiered hybrid life-cycle method to trace the carbon footprint of industrial parks. Some studies examine energy flows and energy conservation in industrial parks. Hackl and Harvey [21] investigate options for clusters of chemical processing plants to decrease their energy and emission footprints, such as increasing heat integration, replacing fossil feedstocks with renewables and bio-refinery integration, an intelligent energy management system for EIP is proposed [22] . Other studies choose some industrial parks as case studies for low carbon development. The research of Huang et al. [23] on low carbon practice applied targets to Caohejing High-Tech Industrial Park of Shanghai as a case study. Wang et al. [24] and Liu et al. [12] use Suzhou Industrial parks as a case study to assess GHG emissions and to identify potential mitigation measures.
In China, the output value of over 1,700 national and provincial industrial park account for more than 60% of the nation's gross industrial output value. [25] Although industrial parks greatly contribute to national economic development, they are accompanied by environmental drawbacks, including more carbon emissions and environmental pressures [24] . While EIPs in China have been the subject of academic research, discussion and publication, the focal point of existing literature has been the EIPs, not the low-carbon industrial parks. Most research papers about EIPs regard the reduction in carbon emissions as a by-product of industrial symbiosis. There are few articles that specifically study low-carbon industrial parks. Most research focuses on a single aspect of low carbon development, or a single park, and fail to conduct a mixed and comprehensive analysis, especially in combination with nation-wide policies that constrain CO2 emissions. Existing literature lacks quantitative analysis of the driving factors of CO2 emissions at the industrial park level. This is due, in part, to the fact that industrial parks seldom undertake carbon accounting. As a new initiative, China's national LCIPPP is the first and the largest scale industrial low-carbon initiative promoted by any government in the world. This paper seeks to address the lacuna in research about China's LCIPPP performance. It summarizes the best practices of the LCIPPP, and uses econometric methods to assess the performance of 20 pilot industrial parks while seeking to identify the driving factor affecting industrial CO2 emissions. This study reveals some traits and trends of the industrial park low-carbonization pathway. The research may provide insight not only for other industrial parks in China and those in developing countries, while at the same time contributing valuable observations for the world with respect to low-carbonization economic activities and strategies for mitigating climate change. Plan [27] issued by China's State Council, in the future, the LCIPPP will be expanded to include 80 industrial parks, making it a major step in Chinese industry's efforts to tackle climate change.
The current status of the LCIPPP
The LCIPPP has been implemented for more than 3 years. From a geographical perspective, China's unbalanced economic growth and regional disparity was reflected in the pilot industrial parks' geographical distribution, 40% pilot industrial parks in eastern, 33% in central and 27% in western. (Fig.1) . Many of the parks specialize in one or more leading industrial sectors. Industrial parks that feature classic heavy manufacturing, such as iron and steel, construction materials, nonferrous metals and petrochemicals account for 32% of the total.
Environmentally friendly industry and hi-tech industrial parks account for 15%, the rest are mixed industries parks. 
Data and methodology
In order to measure the impact of different driving factors on the CO2 emissions of the industrial parks, and provide guidance for the future design of low-carbon models, this study selected 20 participating pilot parks. These industrial parks were then subject to quantitative analysis to evaluate their performance during the pilot's initial time period.
Sample selection
A sample of 20 participating industrial parks were selected giving due regard to the regional diversity, considering the representativeness of the sample and the data availability. Regional inequality is a multidimensional phenomenon in China. In the Seventh Five-Year plan, which was approved in 1983, the State Development Planning Commission divided the country into three economic regions: eastern, central and western. The three regions differ drastically in terms of economic development. The unbalanced economic growth and regional disparity also were reflected in the pilot industrial parks development, so we choose 8 out of the 20 sample parks locate in the eastern area, 6 in the central region, and 6 in the western part of the country. The sample industrial parks not only vary in regions but also in leading industries. We summarized the leading industrial of the sample parks in Table 1 . Through exploratory data analysis, we observe that the total carbon emissions continued to increase but did so at a significantly slower pace after the pilot programme was initiated in 2014. The increase rate of CO2 emissions from 2015 to 2016 was only 0.66%, which was significantly lower than the 6.84% from 2012 to 2013. The CO2 emissions per unit of GDP shows a mild yet decreasing trend. (Fig. 2 ) The overall share of the tertiary sectors rose steadily to nearly 30% in 2016 from 2012. While increasing, renewable energy has yet to become a significant source of energy usage. As of 2016, renewable energy accounted for less than 5% of the total energy consumed. The research and development (R&D) intensity (R&D expenditure as a share of GDP) rose slightly from 4% in 2012 to 4.6% in 2016. (Fig. 3 In the eastern regions, industrial parks' R&D intensity was significantly higher than the other two regions, but it had a slower growth rate. R&D intensity in western industrial parks was the 2 Specifically, industrial structure is the percentage of tertiary sector output to the total output; R&D intensity is the percentage of R&D expenditure to GDP, and Energy structure is the percentage of renewable energy to total primary energy consumption. The analysis confirms that localisation and institutions-related aspects cannot be overlooked.
Spatial factors need to be taken into consideration in order to understand better potential development pathways of industrial parks.
Model specification
We Maruotti [30] , Lin et al. [31] and Zhang et al. [32] use the STIRPAT model to investigate countrywide patterns of carbon emissions. The STIRPAT model is also adopted by researchers to study carbon emissions in specific countries, such as Malaysia [33] , Pakistan [34] and China [35, 36] .
Some researchers utilize the STIRPAT model to analyze carbon emissions for the regions in China,
such as in Xinjiang province [37] , Guangdong province [38] , also cities in China, such as Beijing [39] and Chongqing [40] . However, this is the first time the STIRPAT model has been used to conduct a comparative analysis at the industrial park level.
Ehrlich and Holdren [41] first introduced the IPAT model, where I represents the human impact on the environment, typically measured as the emissions level of a pollutant; P denotes population size; A represents a society's affluence and T represents technology:
Because the model is simple and has limitations, Dietz and Rosa [42] propose the STIRPAT model as follows:
Taking logarithms on both sides of the equation leads to the following:
where a represents a constant term; P, A and T are the same as those in Eq. 1; b, c and d represent the elasticity of environmental impacts with respect to P, A and T, respectively; it e is the error term; and subscript i denotes the units, which is industrial parks here, t denotes the year.
In this study, we refine the STIRPAT model to conduct the empirical analyses. First, we define the carbon elasticity, which refers to the proportional change in carbon emissions due to a change in driving forces. Then, we calculate the component elasticity for each driving force using panel data. The explained variable I is the total CO2 emissions, which is the carbon emissions from the fossil fuel, industrial production processes, net inflows of electricity or heat power and other sources in the industrial park, as measured in ten thousand tons. The explanatory variable P is measured by the employed population, A is measured by the industrial value added, and T is measured by the R&D intensity. As noted in York et al. [43] , additional factors can be added to the basic STIRPAT model as long as they are conceptually appropriate for the multiplicative specification of the model. To conduct a comprehensive analysis of the factors that influence CO2 emissions, we add the energy intensity, energy structure, and the industry structure into Eq. 3. Eq. 3 could be written as follows:
where EI represents energy intensity and ES represents renewable energy as a share of primary RD represents the R&D intensity. Regional effects can be captured via regional-specific dummy variables. We add regional dummy variables in Eq. 4 and rewrite it into:
In this case, a series of dummy coded (0/1) variables are used, where the dummy takes 1 for any industrial park located in eastern provinces and 0 otherwise ; the same principle was applied for the central and western regions. The descriptive statistics of the variables used in the regression is listed in Table 2 . 
Empirical results and discussion
We use ordinary least squares (OLS) regression to analyze the different driving forces on the total CO2 emissions of the selected 20 samples. Regional analysis is also conducted to measure the regional effects by using dummy variables. The time period ( 5 t  ) was much smaller than the cross-sectional samples =20 N , which generates little possibility of pseudo-regression 3 ; the unit root test and cointegration test were not necessary in our study. Table 3 presents the estimated results of the linear effects of output, energy structure, energy intensity and the other factors on CO2 emissions at an aggregate level. ln(PEM) exhibits significantly positive impacts on carbon emissions, which indicates that a larger industrial park tends to have a higher emission level. IS has an elasticity of -2.019 (result (3-1) ), indicating that a 1% increase in the industrial structure will lead to a 2.019% decrease in total CO2 emissions when other variables remain constant. Similar results are also found when the regression is used with fixed effects of time and area (result (3-2), (3-3), (3-4) ). The elasticity of ln(IVD) and EI is 0.701 and 0.985 (result (3-1) ), respectively. This indicates that a 1% increase in output and energy intensity will lead to 0.701% and 0.985% increases in total CO2 emissions respectively, when the other dependent variables remain constant. The coefficients of ES are not statistically significant in all regressions while the coefficients of ln(RD) are negative and statistically significant at a confidence level of 5% when the area effect is controlled (result (3-3) ) or both the area and time effects are controlled (result (3-4) ). Standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1
Overall analysis

Regional analysis
We add the regional dummy variable Deast to the model and create 6 interaction items
Deast*ES, Deast*EI, Deast*IS, Deast*ln(RD), Deast*ln(IVD) and Deast*ln(PEM). The OLS
regression results are reported in Table 4 . The signs and significance of the coefficients of ln(PEM), ln(IVD), EI remain the same compared with the regression results at an aggregate level as shown in Table 3 Compared with the aggregate regression results in Table 3 When the interaction items of the regional dummy variables Dwest with the six driving factors of total CO2 emissions are included in the model, the coefficients of ln(PEM), ln(IVD) and EI exhibit the same sign as those in the aggregate model (Table 3, Table 6 ). The elasticities of ln(RD) are negative but not significant, except in result . IS has negative coefficients with a 1% confidence level in result (6-1) and 5% in result (6-2). The interaction Dwest*EI has statistically significant negative elasticities at a level of 1%, which means that for the western area, the EI elasticity is much lower than that in eastern and central regions. Dwest*IS has negative coefficients, and in result (6-3), the confidence level is 5%, whereas in results (6-4), and (6-6), the level is 1%.These results indicate that for the western area, when the share of tertiary industry increases by 1%, the total CO2 emissions would decrease by at least 2.311%, other factors remaining constant. Dwest*ln(IVD) has positive elasticities which are statistically significant at a confidence level of 1%, indicating that the ln(IVD) of western area has larger elasticities than that of the eastern and central areas, although the ln(IVD) also has a positive effect on total CO2 emissions for these two areas. The coefficient of ln(IVD) in the eastern and western areas (when Dwest=0) in result (6-6) is 0.848, whereas this coefficient is 1.347 for the ln(IVD) in the western area, indicating that a 1% increase in industrial value-added production will lead to a 1.347% increase in the total CO2 emissions, which is 0.499% higher than in the eastern and central areas. The coefficient of Dwest*ln(PEM) is negative and statistically significant, indicating that larger industrial parks may have lower CO2 emissions in the western area. The positive sign of the elasticities of Dwest*ES indicate that the increased proportion of clean energy may lead to an increase in the total carbon emissions of industrial parks in the western region.
Conclusion and policy implication
Using panel data covering 20 industrial parks in China for the period 2012-2016, this paper analyzed the linear effects of industry value-added output, employment population, R&D intensity, energy structure, energy intensity and industrial structure on CO2 emissions with STIRPAT model. The overall analysis results confirm that the increase in output and energy intensity is a dominant contributor to the growth of CO2 emissions whereas the increase of the share of tertiary industry and R&D intensity have significant effects on reducing CO2 emissions.
These findings indicate a set of policies for industrial parks to realize low-carbon and sustainable growth: (i) accelerating the elimination of obsolete and excess production capacity in GHG-intensive sectors; (ii) improving the development of low-carbon technology in heavy industries; (iii) optimizing the industrial structure by promoting the development of tertiary industry especially high value-added and low carbon intensive industries.
With distinct economic development levels and industrial structures, Chinese regions exhibit evident spatial differences and industrial heterogeneity. We conduct further analysis considering regional difference by adding dummy variables in the model. The future pathways for low carbon development in eastern industrial parks should consider our study's findings that a 1% increase in energy intensity in the eastern region will result in more CO2 emissions than would be the case in the central and western regions. Therefore our study makes the case that the eastern region is not suitable for the development of additional high energy intensity industries. Implementing low carbonisation cross-cutting and costeffective technologies to improve the energy efficiency will be crucial.
The regional results also support the idea that labour intensive industries could play an important role in the low-carbon economic development in the central and western region of
China. There are numerous hi-tech industry development zones locate in the central region.
Compared to the traditional heavy industrial parks, most hi-tech industrial parks have lower carbon emissions and lower energy consumption per unit of value added and can offer numerous job opportunities. An effective way to realize the low-carbon development for the industrial parks in the central region is to take advantage of the rich human resources in central and western China.
As agglomeration zones for production, industrial parks will remain a major contributor to is important to enact specific policies according to the regions and industries for the lowcarbonization of industrial parks. There is no single and unifying approach for all of the industrial parks. The strategies to approach low-carbon development must differ, thus making them more deserving of policy attention.
